Despite the enormous diversity among parasitic angiosperms in form and structure, life-history strategies, and plastid genomes, little is known about the diversity of their mitogenomes. We report the sequence of the wonderfully bizarre mitogenome of the hemiparasitic aerial mistletoe Viscum scurruloideum. This genome is only 66 kb in size, making it the smallest known angiosperm mitogenome by a factor of more than three and the smallest land plant mitogenome. Accompanying this size reduction is exceptional reduction of gene content. Much of this reduction arises from the unexpected loss of respiratory complex I (NADH dehydrogenase), universally present in all 300+ other angiosperms examined, where it is encoded by nine mitochondrial and many nuclear nad genes. Loss of complex I in a multicellular organism is unprecedented. We explore the potential relationship between this loss in Viscum and its parasitic lifestyle. Despite its small size, the Viscum mitogenome is unusually rich in recombinationally active repeats, possessing unparalleled levels of predicted sublimons resulting from recombination across short repeats. Many mitochondrial gene products exhibit extraordinary levels of divergence in Viscum, indicative of highly relaxed if not positive selection. In addition, all Viscum mitochondrial protein genes have experienced a dramatic acceleration in synonymous substitution rates, consistent with the hypothesis of genomic streamlining in response to a high mutation rate but completely opposite to the pattern seen for the high-rate but enormous mitogenomes of Silene. In sum, the Viscum mitogenome possesses a unique constellation of extremely unusual features, a subset of which may be related to its parasitic lifestyle.
mitogenome | mutation rate | complex I | parasitic plants | genome reduction P arasitism has evolved at least 12 or 13 times in angiosperms, with parasitic plants comprising about 1% of known angiosperm species (1, 2) . Parasitic angiosperms vary enormously in size, life history, anatomy, physiological adaptation to a parasitic lifestyle, and nutritional dependence on host plants (3) . Plastid genomes have been sequenced from many parasitic species and lineages and vary enormously in size and gene content, from those that are typical of nonparasitic photosynthetic plants to Rafflesia lagascae, which may not even have a plastid genome (4) (5) (6) . Despite this great diversity, the mitogenomes of parasitic plants are largely unexplored. Most studies of parasitic plant mtDNAs have dealt primarily with their apparent propensity for uptake of foreign DNA via horizontal gene transfer (HGT). HGT is relatively common in angiosperm mitogenomes, and is especially common in parasitic plants, in which HGT is facilitated by the intimate physical connection between parasites and their host plant (1, 2, 7) .
Rafflesiaceae, a small family of endophytic holoparasites famous for possessing the largest flowers in the world, is the only parasitic plant clade for which large-scale mitochondrial genomic sequencing has been undertaken (4, 8) . Sequences of 38 genes common to three Rafflesiaceae species and two host species revealed that host-to-parasite HGT has been frequent in Rafflesiaceae mitogenomes, which otherwise are relatively unremarkable with respect to gene content and sequence divergence (8) . Depending on the Rafflesiaceae species, 24-41% of protein genes are inferred to have been acquired by HGT. The repetitive nature of Rafflesiaceae mtDNAs and the short reads used in these studies rendered assembly of complete genome sequences impractical, but with a minimum size of 320 kb, the Rafflesia lagascae mitogenome (4) falls within the known angiosperm size range (0.2-11.3 Mb) (9, 10) .
To help remedy the lack of knowledge of parasitic plant mitogenomes, we selected the Santalales for comparative sequencing for two reasons. First, the Santalales is the largest group of parasitic plants (with more than 2,000 parasitic species) and is also highly diverse (11, 12) . This diversity is manifest in terms of autotrophic autonomy, with members of the order ranging from free-living nonparasitic trees to green, photosynthesizing hemiparasites to highly derived species that lack leaves and maintain only minimal photosynthesis at narrow points in the life cycle. The order also includes holoparasites (completely nonphotosynthetic heterotrophs) if further phylogenetic study confirms the tentative placement of the bizarre holoparasitic family Balanophoraceae as sister to, if not a member of, Santalales (2, 13) . Another important aspect of this diversity is that Santalales have undergone multiple transitions from root parasitism (the ancestral parasitic condition in the group) to aerial parasitism, with these "mistletoes" representing
Significance
The mitochondrial genomes of flowering plants are characterized by an extreme and often perplexing diversity in size, organization, and mutation rate, but their primary genetic function, in respiration, is extremely well conserved. Here we present the mitochondrial genome of an aerobic parasitic plant, the mistletoe Viscum scurruloideum. This genome is miniaturized, shows clear signs of rapid and degenerative evolution, and lacks all genes for complex I of the respiratory electron-transfer chain. To our knowledge, this is the first report of the loss of this key respiratory complex in any multicellular eukaryote. The Viscum mitochondrial genome has taken a unique overall tack in evolution that, to some extent, likely reflects the progression of a specialized parasitic lifestyle.
the majority of aerial parasitic plants (14) . Second, we recently showed (15) that the Santalales are one of the principal donors of foreign mtDNA to the amazingly HGT-rich mitogenome of the basal angiosperm Amborella trichopoda. Accordingly, we wished to determine the number and identity of the Santalales donors and, to the extent possible, the timing and mechanism of these transfers.
Here we present the mitogenome sequence of the hemiparasitic mistletoe Viscum scurruloideum. Unlike Rafflesiaceae mitochondrial genomes, this Viscum genome shows little evidence of HGT. However, it is highly unusual in a number of other ways, including genome size, mutation rate, selective pressure, levels of repeat-mediated recombination and sublimons, and the loss of many genes, including the entire suite of nine mitochondrial genes encoding respiratory complex I. We consider the implications of the unprecedented (for multicellular organisms) loss of complex I and Viscum's host dependence.
Results and Discussion
The Smallest Angiosperm Mitochondrial Genome. The Viscum mitogenome assembly consists of two contigs, a circular contig 42,186 bp in length and a linear contig 23,687 bp in length (Fig.  1A) . High-depth contigs (>80×) were constructed from a short (100-bp) paired-end sequencing library (SI Appendix, Fig. S1 ). Searches for potentially missing mitochondrial sequences did not produce any similarly high-depth contigs (Materials and Methods). The Viscum genome was compared with 33 genomes chosen to sample the phylogenetic diversity of sequenced angiosperm mitogenomes (Fig. 2) . With the exception of Silene, for which four species were included to capture the remarkable heterogeneity in genome size and mutation rate within the genus (9) , only one species is represented per genus, and at most two per family are included. Angiosperm mitogenomes are exceptional for their large and variable sizes (9, 10) . At 66 kb, Viscum is the smallest (by a factor of 3.3) angiosperm mitogenome sequenced to date (Fig. 2) , is smaller than any other land plant genome (the next smallest is the moss Bauxbaumia at 101 kb), and among charophytes (the green algal ancestors of land plants) is closest in size to some of the smallest known genomes, those of Entransia (62 kb) and Chara (68 kb) in particular. Despite its small size, Viscum's guanine-cytosine content of 47.4% is unremarkable compared with that of other angiosperms, which generally fall in the range of 43-45% (10) .
Between V. scurruloideum and the astoundingly large mitogenome of Silene conica (11.3 Mb), the known range of angiosperm mitogenome sizes is now on the order of 200-fold. In striking contrast to the highly reduced mitogenome of Viscum, the four species of Viscum examined thus far have exceptionally large nuclear genomes ranging in size from 2C = 122-201 Gb (16) . These are the largest nuclear genome sizes reported for eudicots, a group that contains more than 70% of the ca. 350,000 species of angiosperms. No information is available on Viscum plastid genomes.
Dramatically Reduced Core Coding Capacity and Intron Content.
Angiosperm mitogenomes virtually always share the same set of 24 core protein genes, mostly coding for respiratory proteins, but often differ substantially in their inventories of a further 17 protein genes mostly encoding ribosomal proteins (17, 18) . Three species of Silene possess the most protein-gene-poor angiosperm mitogenomes described to date (9) . Two of these species share the entire core set of 24 protein genes, and the third contains 23 of these genes, with its loss of ccmFc the only known case of such loss in angiosperms. Conversely, the three Silenes have lost all but one or two of the 17 genes comprising the variable set (Fig. 2) . The Viscum mitogenome presents a dramatic departure with respect to the core genes. It has lost the entirety of 11 of the 24 core protein genes. These losses include ccmB, matR, and all nine nad genes (nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, and nad9) (Fig. 2) . To check for the possibility that these genes fall within an assembled portion of mtDNA, total genomic reads were searched for evidence of homology with these genes using BLAST. Because 95% of our mitochondrial assembly has a read depth greater than 80 (SI Appendix, Fig. S1 ), we expect mitochondrial reads matching these genes also to give depths greater than 80. Although eight of these 11 genes yielded a smattering of matches, the low read depths do not support the conclusion that these reads are of mitochondrial origin (SI Appendix, SI Discussion). Because the loss of these three classes of genes is highly unexpected-all 11 genes are found in all 300+ other angiosperm mitogenomes examined ( Fig. 2) (10, 17)-they are discussed in separate sections below. The Viscum genome also has lost 11 of the 17 variably present protein genes, with nine of these genes missing entirely and the other two present as obvious pseudogenes (Fig. 2) . Altogether, only 19 intact and potentially functional protein genes were identified in the genome assembly. This protein-coding capacity is the smallest identified in an angiosperm mitogenome, five genes fewer than the already highly reduced capacity in Silene.
Three sequences were identified that could be folded into the typical tRNA structure (SI Appendix, Fig. S2 ). These sequences, which correspond to trnW(cca), trnfM (cau), and trnK (uuu), have well-conserved anticodon and dihydrouridine stem sequences but contain mismatches in other regions of the secondary structure. Although the Viscum mitogenome contains far fewer tRNA genes than most other angiosperms, similarly reduced tRNA gene content (two and three, respectively) has been reported for the S. conica and Silene noctiflora mitogenomes (SI Appendix, Fig. S3 ) (9) .
Large and small subunit rRNA (LSU rRNA and SSU rRNA, respectively) genes were identified also. Although both rRNA gene sequences are exceptionally divergent (Exceptional Divergence of Viscum Protein and rRNA Genes), superimposition onto the Oenothera berteriana mitochondrial SSU rRNA and Zea mays mitochondrial LSU rRNA secondary structures (SI Appendix, Figs. S4 and S5, respectively) revealed significant conservation at the secondary structure level, indicating that these genes are still functional in Viscum. Secondary structure and phylogenetic analyses were not carried out using the 5S rRNA because of its short length (<100 nt), but a pairwise alignment of its sequence to the Liriodendron 5S rRNA yielded 87% identity and 5% gaps.
The ancestral angiosperm mitogenome contained 25 group II introns (19) . Most angiosperm genomes examined contain nearly this entire set (SI Appendix, Fig. S6 ), and none have fewer than 18 of these introns (9) . Viscum, however, contains only three group II introns (SI Appendix, Fig. S6 ). Most of this reduction in intron number can be attributed to the loss of the nad genes, which commonly possess 19 group II introns in seed plants (SI Appendix, Fig. S6 ). In addition, Viscum has lost rpl2, which normally contains a single group II intron, and a single intron has been lost from each of the otherwise intact genes rps3 and rps10. In addition, the first intron in the Viscum cox2 gene is probably trans-spliced, given the physical separation of the first exon from the rest of the gene (Fig. 1A) and that the exonic boundaries of these two regions do not contain stop and start codons, respectively, as expected under the alternative model of gene fission. Trans-splicing in this intron is known to have arisen in two other lineages of vascular plants (20, 21) .
The loss of so many genes and their (mostly accompanying) introns accounts for an appreciable fraction (ca. 25%) of the size reduction in the 66-kb Viscum mitogenome compared with the next smallest sequenced angiosperm mitogenome (222 kb) in our comparative dataset (Fig. 2) . Most of the loss in gene space is a consequence of the loss of the intron-rich nad genes, which typically comprise nearly 40 kb of DNA, or more than half the gene space of normal angiosperm mitogenomes (SI Appendix, Fig. S7 ). The rest of the Viscum size reduction is a consequence of a massive reduction in the amount of intergenic spacer DNA, which totals ca. 36 kb in Viscum compared with ca. 150 kb in the 222-kb Brassica napus genome and more than 11 Mb in S. conica.
Loss of Mitochondrial Maturase Gene matR. The loss of the maturase gene matR could reflect a very rare case of functional transfer to the nucleus. However, because matR resides within nad1 intron 4, it is more likely that matR was lost along within the entire suite of mitochondrial nad genes in Viscum. MatR is the only mitochondrial-specified maturase homolog present in angiosperms, and although the precise function of MatR in mitochondria is uncertain, it is clearly homologous to proteins known to assist in group II intron splicing in other mitochondrial genomes (22) . Furthermore, preliminary data suggest that MatR binds to several group II introns in vivo (23) . If MatR is indeed a polyvalent splicing factor, the precise consequences of the loss of this gene for the group II intron-splicing process in Viscum need to be elucidated.
Possible Rare Transfer of ccmB to the Nucleus. In contrast to the matR situation, functional transfer to the nucleus is the best explanation for the absence of ccmB from Viscum mtDNA. In most plants, mitochondrial biogenesis of cytochrome c is carried out via a maturation pathway encoded by four mitochondrial ccm genes (ccmB, ccmC, ccmFc, and ccmFn) and several nuclear genes (24) . Because ccmC, ccmFc, and ccmFn are all present as intact genes in the Viscum mitogenome, albeit in moderately to exceptionally divergent forms (Table 1) , the ccm complex is almost certainly functional in Viscum, and therefore ccmB probably has been functionally located to the nucleus. CcmB is a hydrophobic protein with six transmembrane domains that traverse the inner mitochondrial membrane (24) . Although functional transfer of ccmB has not been reported previously in plants ( Fig. 2 ) (17), if this gene experienced anything approaching ccmFcand ccmFn-like levels of divergence while in the mitogenome, this divergence may have altered the hydrophobicity of CcmB to an extent that allowed it to be imported more readily into the mitochondrion following ccmB functional transfer to the nucleus. Such a transfer would be analogous to other cases of rare mitochondrial-to-nuclear gene transfer, which have been accompanied by a reduction in hydrophobicity of the encoded protein (25, 26) . Unfortunately, nuclear coverage in our sequence data (ca. 0.1×; Materials and Methods and SI Appendix, SI Discussion) is inadequate to detect a full-length transferred copy of ccmB, and therefore testing of the transfer hypothesis must await nuclear transcriptome or genome sequencing.
Unprecedented Loss of Complex I in a Multicellular Organism. The loss of all mitochondrial nad genes in Viscum is of special interest because it very likely corresponds to the loss of an entire respiratory complex, something that has never been reported before for any plant or alga, including the holoparasite Rafflesia (4). The nad genes contain five or six trans-spliced introns in angiosperms, with the 14 or 15 nad transcription units scattered essentially randomly in the rapidly rearranging mitogenomes of angiosperms (10, 19) . Therefore, the eradication of all traces of nad genes from the Viscum mitogenome probably occurred via many separate deletions, presumably occurring over some period of time. This likelihood, combined with the presence of pseudogenes for other "lost" genes (i.e., rps1 and sdh3), suggests that the loss of selection on complex I may have occurred much earlier than the loss of rps1 and sdh3.
ATP formation in mitochondria occurs mainly through oxidative phosphorylation. This is achieved by a process of electron transfer through an assemblage of more than 20 carriers that are organized into complexes I-IV of the electron transport chain (27) . With the notable exceptions of four lineages, all respiring eukaryotes contain complex I, a multisubunit, rotenone-sensitive NADH dehydrogenase that is encoded by 5-12 mitochondrial genes and a few dozen nuclear nad genes. The four exceptions, in which all mitochondrial and nuclear nad genes have vanished, include two distinct lineages of yeasts (28) , the cryptomycotan fungus Rozella (29) , and the lineage comprising dinoflagellates, apicomplexans, Chromera, and Oxyrrhis (30) . That these are all unicellular makes the case in Viscum particularly notable.
The loss of the entire suite of mitochondrial nad genes in Viscum almost certainly reflects the loss of complex I itself, as opposed to the functional transfer of all these genes to the nucleus. Computational searches for "nad-like" reads within the total genomic DNA yielded only a small number of matches, most of which corresponded to intronic sequences that are unlikely to be properly expressed in the nucleus (SI Appendix, SI Discussion). Seven of the nine nad genes found in all 300+ other angiosperm mitogenomes examined (Fig. 2) (9, 17) have rarely, if ever, been found functionally transferred to the nucleus in nonangiosperms. Indeed, it is these seven nad genes that are found in all examined animal mitogenomes. Three of the seven (nad1, nad4, and nad5) are universally present in all mitogenomes of eukaryotes that retain complex I, whereas nad2, nad3, nad4L, and nad6 have been reported lost from the mitochondrial genome (and presumably functionally transferred to the nucleus) only one to three times across eukaryotes (31) . The difficulty of functionally transferring these seven nad genes to the nucleus is probably the result of severe mechanistic challenges to the successful transport of their hydrophobic products across the outer mitochondrial membrane and insertional assembly within the inner membrane (32, 33) . Therefore, even in the absence of any meaningful information on nad gene status in the nucleus of V. scurruloideum, the loss of all nine nad genes from the V. scurruloideum mitogenome most likely reflects the loss of complex I from this plant.
The losses of complex I in two yeast lineages have been accompanied by duplications of nuclear-encoded alternative NADH dehydrogenases that bypass complex I and oxidize NADH without proton translocation (34) . Because these alternative means of regenerating NAD + are unlinked to proton pumping in the mitochondrion, they generate less energy in the form of ATP. Although the evolutionary loss of complex I is unprecedented in plants, mutant lines are informative for understanding the potential consequences of the loss of the nad genes in Viscum. In particular, three mutant lines, Nicotiana sylvestris CMSII lacking the mitochondrial nad7 gene (35, 36) , Arabidopsis thaliana ndufs4 lacking a nuclear nad gene (37) , and NCS2 maize plants lacking functional nad4, are (37, 38, 40) , albeit with constitutively lower mitochondrial phosphorylation efficiencies. Plants in general have the ability to oxidize NADH and NADPH via several nuclear-encoded alternative dehydrogenases (41) . The determination of which of these dehydrogenases Viscum uses to compensate for the lack of complex I awaits experimental investigation and sequencing of its huge nuclear genome.
The plant complex I mutants grow more slowly than their respective wild types and have other deficiencies: N. sylvestris CMSII mutants exhibit male sterility and slow growth (36) ; A. thaliana ndufs4 shows depressed germination and growth (37); and homoplasmic NC2 maize plants exhibit sterility and severely depressed growth (42) . Because Viscum does not exhibit noticeably defective germination or growth, regardless of any deleterious effects caused by loss of complex I in Viscum, the organism has been able to adapt and thrive. Analysis of the CMSII mutant has shown that mitochondrial complex I is essential for optimal photosynthetic performance (43) . In particular, steady-state photosynthesis in CMSII is consistently reduced by 20-30% at atmospheric CO 2 levels, suggesting that this complex I mutant is not able to use its photosynthetic capacity as well as wild-type N. sylvestris despite the action of alternative dehydrogenases (40, 44) . It has long been known that mistletoes typically have lower photosynthetic rates than their hosts (45) (46) (47) (48) . Thus, the lower rates of photosynthesis and the loss of complex I may be interrelated in Viscum.
The precise molecular interactions underpinning the relationship between reduced photosynthetic efficiency and the mitochondrial electron transport chain have not been described, but it is notable that under conditions in which CO 2 fixation (and, hence, sucrose synthesis) is enhanced, photosynthesis in CMSII is less inhibited relative to wild-type N. sylvestris. This observation suggests that the decrease in photosynthesis in CMSII under atmospheric CO 2 levels is not caused by insufficient mitochondrial ATP production for sucrose synthesis and is specific to conditions in which the enzymes necessary for photosynthesis are preoccupied with another task (44) . We hypothesize that Viscum uses alternative dehydrogenases to compensate for the loss of complex I in maintaining mitochondrial ATP production but suffers an associated reduction in photosynthetic efficiency. Whether cause or cure, parasitism could compensate for some loss of photosynthetic ability.
Recent HGT of the cox1 Intron. We find little evidence suggestive of HGT in Viscum mtDNA. First, there is the lack of multiple, divergent copies of any genes in the Viscum mitogenome. In contrast, most cases of plant mitochondrial HGT reported thus far have resulted in the maintenance of both horizontally acquired and native gene copies within the mitogenome, with Rafflesiaceae and Amborella especially notable in this regard (8, 15) . Second, the extreme divergence of all 21 Viscum protein and rRNA genes (see the next section and SI Appendix, Fig. S8 ), which confounds phylogenetic detection of HGT, also means that any transfers must be relatively ancient, occurring before the accumulation of a significant fraction of this divergence. Finally, no evidence of gene conversion was found in any Viscum genes using OrgConv with Bonferroni correction for multiple tests (49) .
The only clear evidence of HGT in the Viscum mitogenome involves its sole group I intron, located in the cox1 gene, which also is the only group I intron found in any angiosperm mitogenome. This intron has been acquired more or less recently in many angiosperm lineages by hundreds of mitochondrial-to-mitochondrial horizontal transfer events (2, 50, 51) . In striking contrast to the extremely divergent gene sequences in Viscum (SI Appendix, Fig. S8 ), including that of cox1 itself, the Viscum cox1 intron is unexceptional in its level of sequence divergence compared with other angiosperm cox1 introns (SI Appendix, Fig.  S9A ). This contrast strongly implies that the intron was acquired recently in the Viscum lineage, most likely independently of intron acquisitions in Lepionurus and Dendrophthoe, the two other members of the Santalales known to possess the intron (SI Appendix, SI Discussion). The Viscum cox1 gene contains an unusually lengthy region of putatively converted exonic sequence (known as a coconversion tract), as is also consistent with a recent horizontal acquisition (SI Appendix, Figs. S9B and S10).
Exceptional Divergence of Viscum Protein and rRNA Genes. Phylogenetic analysis (SI Appendix, Fig. S8 ) of two of the three rRNA genes and the nine best-conserved protein genes in Viscum shows that they are even more divergent, often considerably so, than genes in the fast-evolving S. conica and S. noctiflora mitogenomes (9) . Moreover, the rRNA trees seriously underestimate the extent of rRNA divergence (SI Appendix, legend of Fig. S8 ), and the 10 most divergent protein genes in Viscum (Table 1) are so divergent that we deemed it imprudent to use them for either phylogenetic analysis or analysis of synonymous (d S ) and nonsynonymous (d N ) site divergence. Unusually frequent C-to-U mRNA editing in Viscum is highly unlikely to account for its high levels of inferred protein divergence (SI Appendix, SI Discussion); rather, as described below, this divergence appears to be the consequence of major changes in both mutational and selective pressures.
Full alignments for the 10 most divergent Viscum proteins are shown in SI Appendix, Fig. S11 . These proteins are characterized by short regions of moderate-to-high sequence similarity interspersed with longer regions exhibiting little to no detectable sequence similarity. These latter regions often include a number of indels, and the reliability of the alignment in these regions is often questionable. Their extraordinary level of divergence raises the question of whether these 10 "genes" code for functional proteins. The most divergent proteins in Viscum are, for the most part, encoded by ORFs of moderate to considerable length (Table 1) . Considering Viscum's highly accelerated evolution, such an accumulation of nucleotide substitutions should have introduced premature stop codons into most if not all of these ORFs by chance. Given the frequency of stop codons in the genome, and assuming a random distribution of point mutations, the probabilities of getting ORFs of lengths 50, 100, 150, and 200 codons by chance alone are 0.14, 0.02, 0.003, and 0.0004, respectively. Thus, it is likely that these proteins are, by and large, functional, especially because the majority of them are of comparable length to those found in other angiosperms (Table 1) . It should be noted that the unprecedented level of divergence in Viscum makes it difficult to rule out the possibility that unidentified protein genes exist in the mitogenome but have evolved beyond our ability to recognize them.
To assess further the level of divergence in Viscum protein genes, d S and d N values were estimated for the nine best-conserved genes (Fig. 3, Table 1 , and SI Appendix, Fig. S12 ). Synonymous substitutions in protein genes often are assumed to be more or less free from natural selection and thus are used frequently to approximate the neutral mutation rate (52) . The patterns of divergence in d S trees (Fig. 3A and SI Appendix, Fig.  S12 ) are similar to those in the trees based on all three codon positions (SI Appendix, Fig. S8 ). For almost all genes, d S branch lengths are longer for Viscum than for any of the other sampled angiosperms, including the high-rate Silene species (Fig. 3) . This divergence indicates a highly elevated mutation pressure operating (perhaps still so) across the mitogenome during a portion of the Viscum lineage time. Estimates of the frequency and magnitude of this mutation-rate increase await sampling of mitogenomes from a phylogenetically broad range of Santalales taxa and the construction of molecular chronograms for these taxa. Increased sequence divergence in seven sampled members of the Viscaceae (including one species of Viscum) was observed in a concatenated phylogenetic analysis of one nuclear gene (SSU rDNA) and two plastid genes (rbcL, matK) (11) . Although the magnitude of the mitochondrial elevation appears to be significantly higher than for the plastid and nuclear genes, it is possible that multiple factors underlie the mitochondrial situation and that one of these factors is common to all three genomes.
If mutation rates and the effects of selection on synonymous sites were reasonably constant across the Viscum mitogenome, we would expect that synonymous substitution rates should be fairly constant among its protein genes. This expectation is met for eight of the nine best-conserved protein genes (d S = 0.68-1.06), but rps12 is a clear outlier (d S = 3.89) ( Table 1 ; also see SI Appendix, Fig. S12 ). This observation adds to the growing, and puzzling, recognition that angiosperm mitogenomes can experience substantial heterogeneity in intragenomic rates, although the level found in Viscum pales against that in certain other genomes, especially that of Ajuga (53).
As expected, given the highly elevated mutation rate(s) in Viscum mtDNA, d N branch lengths are highly elevated in Viscum relative to other angiosperms ( Fig. 3 and SI Appendix, Fig. S12 ). Contrary to the pattern seen for high-mutation-rate genomes in Silene (Fig. 3B ) and in Plantago and Pelargonium (54), in which d N /d S is depressed (0.04-0.07 for a concatenate of atp1, cob, cox1, cox2, and cox3, five of the nine best-conserved protein genes in Viscum) relative to typically low-mutation angiosperm genomes, the average d N /d S value for these five genes in Viscum is 0.20 (Table 1 ). These different d N /d S values suggest a different interplay of mutational and selective forces among these independently arisen, high-mutation-rate lineages. In particular, it seems likely that the set of 10 extremely divergent protein genes (SI Appendix, Fig. S11 ) has and/or is evolving under relaxed, if not to some extent positive, selection compared with other angiosperms.
As well as generally being very large, plant mitogenomes typically are characterized by extremely low rates of point mutation (54) . In recent years, the mutational burden hypothesis, which predicts that mitogenome size should be negatively correlated with mutation rate (55), has been adopted by some to explain the origins of variation in mitogenome size. Under this hypothesis, high mutation pressure enhances natural selection against nonessential DNA, and hence against large genomes. The reduced Viscum genome and its highly elevated d S values are consistent with the hypothesis of genomic streamlining in response to a high mutation rate (55) but are in complete contrast to the enormous mitogenomes of S. noctiflora and S. conica, which have experienced both dramatic accelerations in mitochondrial mutation rates and huge expansions of intergenic DNA (9) . These entirely opposite findings emphasize the need for further genome sequencing to provide a broader perspective on the remarkable genomic diversity across angiosperms and to enable refined hypotheses regarding the undoubtedly multifaceted relationship among mutation rate, genome size, and other aspects of genome evolution.
Abundant Repeats and Extreme Levels of Recombination and Sublimons.
Repetitive sequences cover 26 kb (39%) of the Viscum mitogenome (Fig. 1B) . In light of its small size and gene-dense nature, it is remarkable that large repeats (≥1 kb) cover so much of the Viscum genome (16 kb, 24%), because this is a greater absolute amount than seen in all but two of the 11 much larger (222-to 983-kb) eudicot mitogenomes compared in ref. 56 . Also remarkable is that repeat coverage in Viscum (39%), the smallest known angiosperm mitogenome, is proportionally comparable to that of the largest known mitogenome, that of S. conica (40.8%; 4.6 Mb of repeat coverage in a 11.3-Mb genome) (9) . In contrast, the also enormous (6.7-Mb) mitogenome of S. noctiflora-which has a high mutation rate-contains a relatively modest proportion of repetitive sequences (10.9%) compared with Viscum and many other angiosperm mtDNAs (9) . Thus, there is no strict relationship between repeat content, genome size, and mutation rate in angiosperm mtDNAs.
In angiosperm mitochondria, low-abundance substoichiometric DNA molecules (termed "sublimons") are often present, arising via recombination between short repeats (57) (58) (59) . Most pairs of repeats in Viscum mtDNA are short; of those ≥30 bp in size, 97% (305 of 315) are ≤100 bp in length, and 86% of these are <50 bp in length. To assess recombination at short Viscum repeats, we counted the number of read pairs that are consistent with the high-depth reference assembly and those that are consistent with the predicted alternative configuration (AC) of the repeat-flanking single-copy sequences that would result from repeat-mediated recombination. To avoid inflating the estimates of ACs, when two or more repeatpair environments were supported by the same set of spanning reads, only one repeat pair was considered in our analysis. We found evidence for ACs for 127 (78%) of the 162 short-repeat pairs examined (Fig. 4 and SI Appendix, Table S1 ). There is a strong correlation (r = 0.72, P < 0.001) between repeat length and AC frequency (Fig. 4) , but there is no correlation between repeat similarity and AC frequency (SI Appendix, Fig. S13 ).
The AC frequency for short repeats in Viscum mtDNA is markedly higher than in the nine other angiosperm mtDNAs for which AC frequency has been measured by high-depth genome sequencing and also is higher than in angiosperms in which nongenome-scale approaches have been used (59) . Not even a single AC was detected for the vast number (>300,000 and >70,000) of short-repeat pairs (30-100 bp in length) present in the mitogenomes of S. conica (11.3 Mb) and cucumber (1.7 Mb), respectively (9, 60). Alternative configurations were detected for only one of the ca. 2,400 short repeats in the 6.7-Mb genome of S. noctiflora genome (9, 60) and for only two of 110 short repeats in the 404-kb genome of Vigna angularis (61). AC frequency was not reported for the 526-kb Mimulus mitogenome (62) , but the number of AC-consistent reads was given and indicates much lower AC frequency levels than in Viscum. As in Viscum, repeat length correlates with AC frequency in Mimulus. Finally, for four Silene vulgaris mitogenomes (361-429 kb in size) analyzed in aggregate (63) , AC frequency averaged only 0.8% (median = 0.7%, range = 0.2-1.5%) for the 13 repeat pairs with a length of 50-100 bp for which at least five ACs were detected. The number of the repeats for which zero to four ACs were recovered was not reported, and therefore AC frequency again is markedly lower than in Viscum.
Only four of the 10 repeat pairs in Viscum with a length ≥100 bp are sufficiently short (387-593 bp) to allow ACs to be detected given the library-fragment size of ∼800 bp. With AC frequencies of 39-58%, all four repeat pairs are essentially at recombinational equilibrium (i.e., a 50:50 ratio of reference configurations and ACs). To our knowledge, these are the smallest repeats at recombinational equilibrium in plant mitogenomes. As with the short repeats, these data are in striking contrast to the extremely low level of recombination detected for the great majority of comparably sized repeats in S. conica, S. noctiflora, and cucumber (9, 60) . Repeats of this size either are not present or were not analyzed in Vigna, Mimulus, and the four S. vulgaris mitogenomes (61) (62) (63) .
Although the Viscum mitogenome assembles as two contigs, the extraordinary abundance and diversity of recombinant read pairs means that this configuration is highly unlikely to exist in vivo. [This consideration is quite apart from the issue of whether any plant mitogenome assembly actually corresponds to the in vivo arrangement of the genome (64) (65) (66) .] Instead, within an individual and possibly even at the level of a single mitochondrion, the Viscum genome almost certainly exists as an extremely complicated population of recombinationally interrelated, overlapping molecules of a broad range of sizes and stoichiometries. Although the numerous sublimons detected in this study presumably all ultimately arose from repeat-mediated recombination, the extent to which this recombination is actively ongoing is unclear and almost certainly varies among repeats, with ongoing-and also high-frequency/equilibrating-recombination a safe inference for only the 10 large repeat pairs. In contrast, as a consequence of occasional to frequent ongoing repeat-mediated recombination, some of the sublimons associated with the 127 short repeats almost certainly exist in forms independent of the main genome. Indeed, many of the reads indicative of sublimons have polymorphisms relative to the reference assembly, suggesting that many regions are evolving independently of the predominant forms of the genome. The more abundant ACs may even represent multiple independently arisen and replicating sublimons.
All 10 large (387-to 5,439-bp) repeat pairs in Viscum show either 100% identity or, in two cases, 99.9% identity (SI Appendix, Table S1 ). This level of identity is yet another way in which the highly divergent Viscum genome differs dramatically from the also divergent S. noctiflora and S. conica mitogenomes: In S. noctiflora and S. conica only a tiny fraction of the hundreds to thousands of repeats, respectively, with a length of 400-2,000 bp are 100% identical (most are 75-90% identical) (9). These differences imply much higher rates of gene conversion/concerted evolution in Viscum than in these two Silene species. The greatly reduced levels of both homologous recombination (as measured by AC frequency) and gene conversion in these two Silene genomes were hypothesized to be potentially important factors underlying the highly elevated mutation rates in these genomes (9) . Therefore it is all the more intriguing that, compared with these other high-mutation-rate mitogenomes, Viscum has high levels of these two mechanistically related recombinational processes.
Conclusion and Outlook
The mitogenome of the hemiparasitic mistletoe V. scurruloideum has proven to be an unexpected goldmine of surprises, setting new benchmarks for the extremes of genome size, gene content, protein divergence, and recombinational activity and/or sublimon levels in angiosperm mtDNA. The gene repertoire of the Viscum mitogenome may be so specialized to parasitic life that, unlike all other multicellular organisms investigated so far, it can survive without a mitochondrial-encoded respiratory complex I. Recently the intracellular parasitic fungus Rozella allomycis also was found to harbor a very rapidly evolving genome that lacks complex I of the respiratory chain (29) . This discovery raises the tantalizing possibility that shared genomic signatures of parasitism may be present in mitogenomes both within and beyond the bounds of the angiosperm clade.
The Viscum findings have begun to illuminate patterns and modes of evolution of angiosperm mitogenomes that previously were unrecognized, raising deep questions about the diversity of gene landscapes, the effect of mutational environments on genomic contraction and expansion, and which genes, if any, are truly essential in angiosperm mitogenomes. We expect that greatly expanded sampling of the speciose and diverse Santalales, as well as the many other lineages of parasitic angiosperms, will provide significant insights into the evolution and function of parasitism in angiosperms, uncover an increasingly fascinating world of mitochondrial diversity, and shed light on the origins of the massive amount of foreign angiosperm mtDNA present in the Amborella mitogenome.
Materials and Methods
Assembly. The Viscum mitogenome assembly was generated using 100-bp paired-end Illumina HiSeq2000 reads (with 800-bp fragment size) from leafderived total genomic DNA (SNP 15591; collected in Sabah, Malaysia, Hamadon, kg. Bundu Tuhan, 1,300 m, by T.J.B., September 22, 2000) . The relatively small fraction of reads (<1%) corresponding to the mitochondrial genome was extracted from the pool of 82.5 million total genomic reads by iteratively extending contigs. Reads determined to be similar to known angiosperm mitochondrial genes using BLASTN (67) were used as seeds. These reads then were blasted against all reads, and reads with no or few high-quality base conflicts in the aligned region and which overhung at the end were used to extend a pseudo contig. The ends of nascent contigs were blasted again and extended until no further extension was obtained. To identify identical or highly similar reads, megablast was used with a word size of 32. Pools of reads derived from these iterations were assembled using CAP3 (68) with the following parameter settings: a = 11, b = 16, d = 21, e = 11, o = 50, f = 2, h = 500, i = 60, j = 80, s = 1,800, and t = 300. The majority of the contig ends corresponded to repeats that could be resolved by read depth, read-pair conflicts, and identification of repeat boundaries for which a large portion of reads were chimeric outside the repeat region. Repeat sequences were identified by comparing the mitogenome to itself using ungapped BLASTN with the parameter settings xdrop_gap = 10 and xdrop_gap_final = 10. All alignments with an e-value ≤1e-7 were considered repeats for calculations of repeat number. The repeat map (Fig. 1B) was generated with Circos (69).
The final assembly contained two contigs, a 42,186-bp contig that could be rationalized into a circle based on read-pair information and a 23,687-bp kb contig that was terminated by repeats that matched within the 42-kb contig and whose lengths could not be determined using read-depth and repeatboundary information. In this sense, therefore, the Viscum mitogenome assembly (Fig. 1A) is incomplete. These repeats may be relatively long and possibly overlap with other repeats, making their boundaries difficult to identify. The read depth adjacent to the corresponding repeat regions in the 42-kb contig is too variable to make a clear judgment as to precisely where the terminal repeats in the 24-kb contig end. The contigs we present are well supported in terms of high-quality read depth and read-pair depth, with the exception of a low-depth region around 16.9 kb in the 42-kb contig (SI Appendix, Fig. S1 ). This region corresponds to a palindromic sequence. The relative positions of forward-and reverse-oriented reads mapping in this region suggest that the palindrome may have interfered with the pairedend amplification of sequences containing this palindrome.
We looked for potentially missing mitochondrial sequences by using reads that map to the assembly but whose read-pair mates do not (singlets). Although we identified many singlet reads, using their mate pairs as iterative assembly seeds (see above) did not produce any high-depth contigs or contigs that were part of the main mitochondrial genome. On the basis of polymorphisms and homology to sequences in the GenBank nt/nr database, we infer that the majority of these singlets probably correspond to mitochondrial-like sequences in the nucleus. It is conceivable that some nongenic or highly divergent genic regions of the genome are missing from our assembly, but, given its gene density (Fig. 1A) and the high number of singlet partners that did not yield mitochondrial-like contigs, this notion is unlikely.
Coverage Estimation. Nuclear genome coverage was estimated at 0.1× by using the Lander/Waterman equation and conservatively assuming V. scurruloideum to have the same nuclear genome size (2C = 124.6) as Viscum minimum, which has the smallest nuclear genome of the four Viscum species examined thus far (16) .
Gene Annotation. Contig sequences were compared by BLASTX v. 2.2.28 (67) to mitochondrial protein sequences from 55 complete green algal and land plant mitogenomes. Gene boundaries were annotated based on inspection of alignments satisfying e-value <0.001. The locations of rRNA genes were determined similarly by BLASTN searches against the rRNA gene sequences of these genomes. tRNA genes were predicted using tRNAscan version 1.23 (70) .
RNA Editing Sites. C-to-U RNA editing sites were predicted using PREPMitochondrial (71) with stringency settings (C-values) of 0.2, 0.6, and 1.0 and PREPACT v. 2.12.3 (72) with default parameter settings. Viscum results are reported (SI Appendix, Table S2 ) for multiple stringency settings because previous analyses in Silene have suggested that different C-value settings are appropriate for species with different rates of sequence evolution (9) . All results reported in the main text were obtained using PREP-Mitochondrial with C-value = 0.2. The predicted editing sites probably underestimate the true extent of editing within Viscum, because the PREP-Mitochondrial approach is blind to synonymous editing sites.
Phylogenetic Analysis. Protein sequences were extracted from GenBank and aligned using MAFFT v. 7.130b (73) with the L-INS-I option. The resulting amino acid alignments then were computationally converted to nucleotide alignments using PAL2NAL (74) , with the resulting arrangement of nucleotide triplets reflecting the protein alignment in the case of each gene set. To avoid bias in phylogenetic analysis and evolutionary rate estimation arising from C-to-U RNA editing, codons known to undergo mitochondrial RNA editing in at least one of eight angiosperms (A. thaliana, Beta vulgaris, B. napus, Citrullus lanatus, Cucurbita pepo, Oryza sativa, Silene latifolia, and Vitis vinifera) (SI Appendix, Table S3 ) or predicted to undergo RNA editing in V. scurruloideum (SI Appendix, Tables S2 and S3) were excluded from all nucleotide analyses. rRNA gene sequences were aligned similarly using MAFFT L-INS-I, but at the nucleotide level. Ambiguously aligned regions of the rRNA gene alignments were removed using GBLOCKS version 0.91b, with the following parameter settings: t = c, b1 = 11, b2 = 16, b3 = 8, b4 = 5, and b5 = none (75) . These stringent settings remove large fractions of most alignments. All phylogenetic trees were estimated with RAxML v. 7.2.8 (76) using the generalized time-reversible (GTR) model with gamma correction for among-site rate variation and 10 starting trees. Support for nodes was assessed using 1,000 bootstrap replicates. The ancestral sequences shown in SI Appendix, Figs. S9, S10, and S11 were reconstructed using baseml and codeml in the PAML package (77) .
Evolutionary Rate Estimation. PAML's codeml (77) was used to estimate branch d S and d N , using a simplified Goldman-Yang codon model with separate branch d N /d S ratios (ω) that allowed for the following three sets of branches: the Viscum branch; the S. conica and S. noctiflora branches; and all remaining branches. Codon frequencies were computed using the F3 × 4 method. The values for ω and transition/transversion ratio were estimated from the data with start values of 0.4 and 2, respectively.
